Interfacial/in situ oxidative polymerization of polypyrrole in the presence of functionalized graphene sheets produces high-quality composites for supercapacitors, as analyzed by electrochemical impedance spectroscopy and cyclic voltammetry analysis. The synergistic interaction induced by the growth of p-type polypyrrole on the surface of negatively charged carboxylate functionalized graphene sheets results in higher storage capacity than graphene-only or polymer-only films. The high conductivity of p-doped polypyrrole and high surface area of graphene promotes high charge accumulation in capacitors. We report the optimization of the relative concentrations of carboxylate functionalized graphene in the polypyrrole matrix to maximize the composition's capacitance to 277.8 F/g.
INTRODUCTION
Optimal utilization of energy generated by alternative methods and associated electrical technologies (such as hybrid electric vehicles) 1 require eco-friendly high-power energy storage materials. 2, 3 Supercapacitors (also known as ultracapacitors) are electrochemical structures that are characterized by high power densities and high cycle lifetimes. [4] [5] [6] The simplest supercapacitor is composed of two symmetrical electrodes that are separated by a porous substrate and an electrolyte. In this configuration, an ionic current is established between electrodes with charging and discharging. 7 In a symmetrical 2-electrode configuration, both electrodes are covered by a material of mass m with a specific capacitance that is four times the capacitance of cell 7 as measured from a typical discharging curve according to Eq. 1, where dV/dt is the slope of discharge curve at constant current I.
Eq. 1
Supercapacitors are typically classified as either electric double-layer capacitors (EDLC) or pseudocapacitors. In an EDLC, the capacitance arises from surface charge accumulation as a result of rapid adsorption/desorption of electrolyte ions at the electrode/electrolyte interface.
This double layer has an inner layer or Helmholtz layer (closest to electrode) with charged species that are specifically adsorbed on electrode and an outer diffuse layer that extends into the bulk of solution. Ions in this latter region, which are affected by thermal agitation, are defined as nonspecifically adsorbed. 5, 6, [8] [9] [10] The contribution of both terms (C H -capacitance of the Helmholtz layer and C dif -capacitance of the diffuse layer) to the total capacitance (C T ) is given by Eq. 2: 4 Eq .2
Pseudocapacitors have received increasing attention as devices have greater energy storage capacity and rapid Faradic electron-transfer processes utilizing electroactive metal oxides and conducting polymers dominate their charge/discharge cycles. Optimized composites with maximum charge storage therefore include electroactive materials, high surface areas, good electrical conductivity to enable high power output, and mechanical strength to withstand the stresses associated with repeated charging/discharging cycles. 4 Composites of conducting polymers and carbon have been reported in the literature as promising prototype materials for supercapacitor applications. Chemical synthesis of composites is preferable in comparison to electrochemical methods for consideration of large-scale production. 11 Noncovalent strategies (such as in situ polymerization) 12 are favored by good dispersability of carbon materials in water and can produce materials with improved processability, surface area and conductivity. Typically the polymerization is conducted by solution mixing of components and takes place with competitive homogeneous and heterogeneous nucleation. 12 Different arrangements of conducting polymer/carbon have been considered such as a skeleton/skin structure of SWCNT and PANI in which high conductivity is associated with flexibility. 13 Strong interactions between the conducting polymer and carbon derivatives have created single-walled carbon nanotubes/polypyrrole, 14 multi-walled carbon nanotubes/polypyrrole, 15 and core-shell polyaniline/carbon nanofibers 16 compositions with specific capacitances of 144, 190 and 264 F/g, respectively.
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The application of graphene as electrode for supercapacitors is attractive as a result of its high surface area (in order of 2630 m 2 g -1 ), 17 good mechanical stability, intrinsic mechanical strength and high electrical and thermal conductivity 18 which provides high power density. However, the stacking of graphene nanosheets represents a limitation for development of supercapacitors. 17 In order to circumvent the aggregation of graphene sheets, recent efforts have been directed on the development of hybrid carbon conductive structures such as carbon nanotube/ graphene films, 19 N-doped graphene 20 and composites of metal oxide/ graphene. 21 Low-cost solution processable graphene compositions often begin with the production of graphene oxide (GO), 22 produced from the aggressive oxidation of graphite. GO is characterized by abundance of oxygen containing functional groups in the basal planes and edges, and as a result of the associated disruptions to the π-network, GO has a relatively low electrical conductivity. The high oxygen content in GO imparts high reactivity and it is readily reductively converted to disordered/defective graphite compositions with heating, mild reduction, or base treatment. Our group has recently developed methods to produce graphenes with robust functional groups capable of forming stable dispersions. 23a-23c These transformations and associated reductions restore some of the electronic conductivity to the graphene sheets and the use of our Johnson-Claisen functionalization scheme produces materials (CG) with -CH 2 CO 2 H groups on the graphene basal surface 23c and provides for excellent dispersions in aqueous media compatible with generation of polypyrrole (PPy) to produce the nanocomposite (CG/PPy). As a result of the abundant negative charge on the CG surfaces, electrostatic forces cause strong interactions between the basal planes of the cationic PPy generated in the polymerization. [24] [25] [26] [27] [28] 
MATERIALS AND METHODS
Ferric chloride (Pfaltz & Bauer) and 1-butyl-3-methylimidazolium hexafluorophosphate (Solvent Innovation), potassium chloride (Mallinckrodt), chloroform (VWR International), ammonium persulfate (J. T. Baker) were used as received. Pyrrole (SAFC) was distilled before each new polymerization. Graphene oxide was prepared from a modified Hummers method 29 and converted to CG ( Figure 1 ) according to published procedures. 23c For these purposes, graphene oxide (GO) was suspended in triethylorthoacetate, which was used as the reagent and solvent, and para-toluene sulfonic acid was added to catalyze the Claisen rearrangement. After the reaction was completed, ethanol with sodium hydroxide was added to encourage the formation of the carboxylate ion. (Further synthetic details can be found in the supporting information.) Nanocomposites were synthesized by two different methods (interfacial and in situ oxidative polymerization) as described below. Nanocomposites were prepared by adapting a previously described procedure for creating composites with GO 30 as shown in Figure 2 . Ferric chloride (300 mg) was dissolved in 15 mL of Millipore water and the resulting solution displayed pH of 2 and a zeta potential of 16.28 ± 2.43 mV. Variable amounts of CG (from 0 to 4 wt% relative to pyrrole) were introduced into these solutions and the zeta potential decreased to 6.85 ± 0.74 mV, which reflects the negative zeta potential of an aqueous solution of CG of -53.5 ± 3.67 mV. A solution of pyrrole (800 µL) in 15 mL of chloroform was added to the FeCl 3 /CG aqueous solution in a dropwise fashion. The reaction requires the diffusion of reactants to the graphene interfaces, and the adsorption of cationic PPy on CG sheets takes place with oxidation by the ferric chloride. The solution was not agitated during the polymerization and a film grew at the water/chloroform interface over the 24 hour room temperature reaction period.
Interfacial Polymerization
This free-standing black insoluble film is easily removed and was washed with water. Circular 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 films of this material (1.0 cm of diameter) were used as electrodes for the creation of capacitors.
These films were pre-wet with selected electrolytes before use and the sandwich-type symmetric electrodes were separated by a microporous membrane (Celgard).
In situ solution polymerization
As an alternate preparation of supercapacitor nanocomposites we investigated oxidation of pyrrole by ammonium persulfate from a stirred aqueous solution. [31] [32] [33] Variable amounts of CG (from 0 to 10% wt relative to the pyrrole amount) were dispersed in 100 mL of Millipore water with 1 hour of sonication. After dispersion of CG in water and under intense stirring at 0° C, 0.03 M of pyrrole is introduced into the aqueous solution. The pyrrole/CG solution is stirred for an additional hour and then a pre-cooled solution of ammonium persulfate (0.06 M in 50 mL of Millipore water) was added. The reaction at 0 0 C is carried out under stirring over three hours.
The resulting powder is filtered under vacuum and washed extensively with water. The material is dried in an oven under vacuum at 45° C for 6 hours and the resulting powder is compressed at 100 kgf/cm 2 into disc shaped pellets (1.0 cm diameter) for capacitor testing. The pellets were pre-wet with the selected electrolyte before use to create symmetric sandwich-type capacitors with each disc electrode separated by a Celgard membrane.
The morphology of thin films was analyzed by scanning electron microscopy (JSM 6060, SEM), the zeta-potential was performed using a Zeta Potential Analyzer (Zeta PALS, Brookhaven Instruments Corp) and FTIR spectra were collected by a Nexus 870 spectrometer using KBr pellets. The electrochemical responses were characterized by cyclic voltammetry (CV), charge-discharge cycling was analyzed with a potentiostat/galvanostat (Autolab PGSTAT30), and electrochemical impedance spectroscopy by the use of an impedance analyzer 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 (Solartron 1260/1287). Brunauer-Emmett-Teller (BET) surface area measurements were performed on a Micrometrics ASAP2020 surface area analyzer using nitrogen gas and the ASAP2020 software for analysis. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 In the spectrum of pure polypyrrole, the absorption peaks at 3442, 1547, 1468 and 1043 cm -1 are assigned to the N-H, C-C, C-N stretching vibrations and C-H in plane vibrational bands of the pyrrole ring respectively, 10, 25, 30 and the peak at 1309 cm -1 is assigned to C-N bonds. 26 For the CG spectrum, a broad peak at 3440 cm -1 and peaks at 1720, 1220, 1060 cm -1 (Figure 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 information), as a result of interactions between CG and PPy. 10, 25, 27 The CG peaks are marginally identifiable in the composite materials as a result of its low concentration.
RESULTS AND DISCUSSION
Electrical characterization
Two different supporting electrolytes were evaluated for our nanocomposites. The response of films immersed in 1-butyl-3-methylimidazolium hexafluorophosphate and KCl aqueous solution 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 The progressive inclusion of CG from 0.5 -5.0% results in an increase in the characteristic charge/discharge times, which reflects an improvement of capacitance. Over this region we also observe a reduction in the "IR drop" in the CG/PPy composites, which is revealed in the initial rapid voltage drop in the discharge curves. This reduction reflects an increase in the conductivity with the increased CG and contributes with the improvement in the symmetry between charge and discharge curves. However, we do find that going beyond 5 wt% of CG/PPy leads to a lowering of the device performance as evidenced by the data shown for the sample containing 10 wt% CG. Notably the time per cycle is reduced and the IR drop increases. The capacitance calculated in accord with Eq. 1 is given in the inset of Figure 5 (note, the results in the inset are normalized per mass). The capacitance reaches a maximum at 1 wt% CG and progressively more CG contributes with reduction in the performance of CG/PPy devices. The improvement in the capacitance can also be detected from CV curves, as shown in Figure 6 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  Figure 6 . CV curves (at scan rate of 10mVs -1 ) for composites (in situ polymerization) with 0.0%, 0.5% and 5.0% of CG/PPy.
The inclusion of CG in the homopolymer (PPy) affects the area of curve (i.e. the capacitance) at the same time it produces a more idealized a rectangular shape, indicating that CG improves the electrical double-layer capacitance in the response of the system. 9 The dependence of capacitance with scan rate and concentration of CG is shown in Figure 7 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the neat CG is 82 m 2 /g). The other percentages show surface areas which are roughly unaltered (as summarized in Table 2 -supporting information), suggesting that superior electrical properties result from pseudocapacitance of PPy/ CG composite. Again, the inclusion of CG beyond optimal performance of device induces an overall reduction in the capacitance of device, as verified in Figure 7 for sample containing 10 wt% of CG/PPy sample. To further compare the response of system CG/PPy nanocomposite with that of pure PPy we have made use of electrochemical impedance spectroscopy (Figure 8 ). The impedance spectrum obtained for samples containing 0 wt%, 0.5 wt% and 10.0 wt% of CG (prepared by in situ polymerization, using a signal amplitude of 10 mV), reveals the impedance of CG/PPy nanocomposite at a low concentration of CG is decreased, suggesting a strong interaction between PPy and CG, consistent with the changes FTIR spectrum. M. Deng et al. 34 state that a decrease in the impedance of PPy/GO nanocomposites can be due to the roughness induced by 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 graphene oxide, which manifests surface area increases. As a consequence, the charge transfer resistance and capacitance of device are improved, as verified in the galvanostatic curves. The response of devices at 10 wt% CG display elevated impedance in the free charge region (low frequency), indicating that reduction in the capacitance is a consequence of minimization in the electrical transport properties provided by the composite electrodes and reduction in the surface area. By comparison, as shown in the Table 2 -supporting information, the surface area of 10 wt% CG is reduced to 21.6 m 2 /g.
CG/PPy nanocomposite by interfacial polymerization
The behavior of specific capacitance of nanocomposites prepared by interfacial polymerization is similar to the behavior observed in the devices prepared by in situ oxidative polymerization.
The progressive inclusion of CG in the nanocomposite results in improvement of electrical properties of nanocomposite, as indicated in the Nyquist plot shown in Figure 9 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The Nyquist plot is divided into different regions: a linear low-frequency region that characterize charge transfer to the electrode surface (electrically represented by the Warburg element) and a characteristic semicircle at high frequency. Deviations from linear response, as observed in the expanded inset of Figure 9 , are attributed to the pseudocapacitance effects from the polypyrrole. In the high-frequency region, it is possible to measure the equivalent series resistance (ESR) which represents the response of electrolyte solution 9 from extrapolated intersection of the curve with real axis of impedance (Z') -corresponding to zero for Z". Other important information is relative to the knee frequency, where there is a transition from the low to high frequency response. The absence of a clear transition indicates that the resistive behavior dominates and consequently the capacitive response is minimized. As we can see in Figure 9 , 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Figure 10 . Charge/discharge curves of nanocomposite at different relative concentration of CG/PPy (interfacial polymerization).
In accord with the improvements in the imaginary part of impedance, the specific capacitance is enhanced with low concentrations of CG. As we can see in the charge/discharge curves of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 By comparison between two different methods of preparation, the specific capacitance of device prepared by interfacial polymerization is enhanced from 109.25 F/g determined for polypyrrole prepared under the same method to 277.81 F/g, which represents an improvement in order of > 150%. In the case of the in situ dispersion polymerization the capacitance of the CG/PPy composite is improved from 158.4 to 187.7 F/g, which represents an increase of 18.5%.
We attribute the superior enhancements of the interfacial prepared materials to be the result of stronger interactions between PPy and CG. This analysis is consistent with the electrochemical impedance spectroscopy and is also in agreement with other composite structures reported in the literature, 35 which describe the inferior electrical performance of PPy composites with GO prepared by in situ homogenous polymerization to be the result of stacking of GO sheets.
An important aspect to be considered is that improvement in the specific capacitance is related with influence of CG on surface area of devices. The marginal influence of CG on the surface area of samples prepared by in situ polymerization provides a marginal improvement in the capacitance. However samples prepared by interfacial polymerization allow for assembly processes during the polymerization that increase the surface area and provide an improvement in specific capacitance of 150%. The direct relationship between surface area and capacitance is a consequence of an improved EDLC contribution. The higher performance of interfacial polymerization may be the result of the kinetics induced by diffusion of CG sheets to the interface, which provides an increase in the heterogeneous nucleation during polymerization and produces stronger interactions between PPy and CG.
In spite of superior properties of devices created from composites produced by interfacial polymerization, we can see that optimal concentration of CG for an optimized capacitance should be less than 1.0 wt%. The reason for this optimal concentration is likely the confluence of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 a number of properties, including the carboxylate charges on the CG, the morphology induced by isolated CG sheets dispersed in the PPy, and improvement in the electrical transport.
CONCLUSION
The electrical and structural properties of nanocomposites prepared by two different methods indicate that strong interaction between polypyrrole and a modified graphene (CG) provides enhancement in the capacitance of devices. We find only small amounts of the graphene are needed in the CG/PPy composites (≈ 1 wt% CG). Two different composite preparations were examined and the interfacial preparation method provided a material with the best overall reduction in the electrical impedance, improvement in the surface area, strongest polymergraphene interactions determined by FT-IR, and the greatest capacitance. As a result of the improvement of capacitance, synthesized materials are promising candidates for the construction of energy storage devices.
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